Introduction
Oligonucleotide probes are presently in wide use for in situ hybridization because they possess several advantages over riboprobes or cDNA probes. First, they can be obtained by chemical synthesis and therefore do not require cloning techniques or high competence in molecular biology. Second, their sequence can be designed from the published sequence of the target "A.
This allows the selection of short sequences of interest, e.g., those with the least homology to sequences on other related "As, or sequences found only on intronic regions of a heterogeneous nuclear RNA (hnRNA). can be used successfully with very little pre-and post-hybridization treatment of the tissues, making them tools of choice for preembedding electron microscopic localization of mRNAs (39).
One major drawback of oligonucleotide probes is their low sensitivity. Although complex chemical labeling methods have been developed to increase the number of labeled nucleotides that can be incorporated into these probes, these have rarely been used for in situ hybridization (10, 12, 20, 34) . Instead, oligonucleotide probes are usually labeled by either of two classical and easy enzymatic techniques (32): (a) the >'-end labeling that allows incorporation of one phosphate residue labeled with either 32P, 33P, or 35s; and (b) 3'-end labeling (tailing) that allows the polymerization of several deoxynucleotides labeled with either radioactive or non-radioactive markers (e.g., digoxigenin, biotin, or some other hapten). The >'-end labeling permits the incorporation of only one phosphate residue, yielding only one radioisotope per oligonucleotide. However, the ?/-end tailing reaction will in theory incorporate an unlimited number of labeled deoxynucleotides per oligonucleotide probe. Nevertheless, extremely long tails of labeled deoxynucleotides can lead to nonspecific binding of the oligoprobes in tiple oligonucleotides, we used a semiquantitative in situ hybridization assay. This study was performed on the hypothalamo-neurohypophyseal system of the rat (13). a well-characterized model for its relative abundance and localization of several species of mRNAs (25,26,29,47) which we chose as targets to assess the gain in sensitivity for our multi-oligoprobes. Here we compared the specific and nonspecific labeling obtained with mixtures of up to six oligonucleotide probes at various concentrations in *rent tissues. Having optimized the use of multi-oligoprobes, we then demonstrated two applications of this approach: (a) to detect low or moderately abundant mRNAs and hnRNA at the light and electron microscopic levels using enzymatic reporters and (b) to visualize two mRNA sequences simultaneously, using fluorescent markers and confocal microscopy. the tissue resulting from interactions of the labeled tail itself with unknown components of the tissue (40).
In an effort to increase the sensitivity of oligonucleotide probes, a few authors have used mixtures of two (2), three (23), four (42), or even more (37) non-overlapping oligonucleotides in their hybridization buffer. Although some increase in hybridization signal has been generally observed, the amount of the increase was not rigorously quantified.
The aim of the present work was to optimize the use of multiple oligonucleotide probes (multi-oligoprobes). In particular, we attempted to test the extent to which optimization would increase the level of detection and to determine whether this approach would provide high-resolution in situ hybridization including (a) electron microscopic in situ hybridization and (b) double fluorescence in situ hybridization combined with confocal microscopy.
From a theoretical point of view, it was expected that increasing the number of non-overlapping oligonucleotides in the hybridization buffer would increase the signal. However, it remained unclear whether the expected gain in signal obtained by using several oligonucleotides simultaneously would provide a clearly stronger signal of predictable intensity over the possible increase in noise. Because early quantitative studies demonstrated that the optimal signal-to-noise ratio in in situ hybridization was obtained at socalled saturating concentrations (7,38), we considered that the individual oligonucleotides within a multiple oligoprobe should be present at saturation concentration. Therefore, we first determined the saturating concentration of our oligonucleotides for the tissues in which hybridization was analyzed. For this purpose, and to measure subsequently the increase in signal and noise when using mul-
Materials and Methods

Probes
Oligonucleotide probes were synthesized by the phosphite/phosphotriester method on an automated DNA synthesizer (Applied Biosystem; Foster City, CA). Twenty-eight oligonucleotides were used in this study for in situ detection of various mRNA sequences belonging to vasopressin exon and intron mRNA, tyrosine hydroxylase "A.
galanin mRNA, and dynorphin "A: together (6VP). All probes were labeled with =P; the specific activities of VP1, VP2, VP3. VP4. VP5. and VP6 were 18 x lo6, 12.3 x lo6, 22.1 x lo6. 21.3 x IO6, 20.1 x lo6, and 25.8 x lo6 cpmlmg, respectively. The concentration of each oligonucleotide used separately was 2 nM; the multi-oligoprobe hybridization buffer contained 2 nM of each of the six oligoprobes (therefore 12 nM of =P-labeled oligonucleotides totally). The seven parts of this figure show supraoptic nucleus Sections from a single animal. All sections were treated identically within the same experiment, and were exposed together for the same duration (90 min), the time at which the highest signal obtained with the multi-oligoprobe did not saturate the film, so that signal strength could be rigorously compared using densitometry on film autoradiographs. Note the very high signal on the section hybridized with the six-oligonucleotidecontaining multi-oligoprobe compared with the relatively low label obtained with single oligoprobes. The background is comparable on all the sections hybridized with either a single or a multi-oligoprobe. Bar = 100um.
DYNI: 5'GGTGAGAAAAGACCAAAAGCCCCGGCATGTCTC3'.
All oligonucleotides were chosen in regions presenting the fewest homologies with sequences of related mRNAs. Sequences were usually selected so that there were no fewer than 20 nucleotides between neighboring oligonucleotide probes along the target mRNA. However. in the case of the four oligonucleotides used to detect the relatively short VP hnRNA intron 2 (17). only three to 13 nucleotides separated neighboring oligoprobes.
Oligonucleotide probes were checked against the Genebank database to eliminate Sequences presenting obvious homologies with other known mRNAs. However. since at present most mRNAs remain unsequenced, preliminary experiments were systematically conducted to check their spccificity on tissue sections. In rare instances, selected oligonucleotide probes were eliminated because they gave nonspecific hybridization. For example. for unknown reasons, one TH oligonucleotide designed from the tyrosine hydroxylase mRNA sequence (TH4) strongly labeled many brain cells that were obviously not catecholaminergic neurons.
Oligonucleotides were labeled by tailing the 3' end with terminal transferase (Boehringer; Mannhcim, Germany) and either [a33P]-dATP (>lo00 Cilmmol) (NEN; Boston, MA), biotin-ll-dUTP (Bochringer). or digoxigenin-11-dUTP (Boehringcr). The radioactive labeling reaction was set up by incubating the following mixture in a final volume of 10 pI for 1 hr at 37'C 2 pmol oligonucleotide, 40 pCi [a33P]-dATP, 25 U terminal transferase, 2 pl of 5 x terminal transferase labeling buffer (Bochringer, provided with the tailing kit), and 1 pl 10 x CoC12 (25 mM) (Boehringer). The reaction was stopped and the labeled probe was ethanol-precipitated as previously described (39). The specific activity of the raclioactivt probe was about 1.2-2.6
x 10' cpmlpmol. The digoxigenin and biotin labeling reactions were performed using protocols described in detail elsewhere (42.43). In thex protocols. the oligonucleotides are labeled with a mixture of hapten-labeled deoxynucleotides (biotin-dUTP or digoxigcnin-dUTP) and dATP, leading to a mean incorporation of five digoxigenin or biotin molecules per labeled oligonucleotide (33).
Animals
Adult male Sprague-Dawley rats (200-300 g) were used. Control rats were fed standard rat chow and water ad libitum. Some animals were dehydrated over 3-or 7-day periods by providing 2% NaCl as the exclusive source of drinking water; this stimulus is known to stimulate the expression of several of the genes m i n e d in this study (25.26,47) .
In Situ Hybridization with Wlabeled Oligonucleotides
Animals were decapitated and the brains and pituitaries quickly dissected and frozen in liquid nitrogen vapor. Cryostat sections (12 pm for hypothalamic sections; 20 pm for pituitary sections) were mounted on poly-blysine- , and air-dried. The sections were hybridized in a buffer containing 50% formamide, 600 mM NaCI, 80 mM %is-HC1, pH 7.5.4 mM EDTA, 0.1% sodium pyrophosphate, and the radioactive oligonucleotides at the desired concentration. For semiquantitative analyses, all sections from all groups of animals in a given physiological experiment were processed simultaneously with the same amount(s) of the same labeled probe(s) so that rigorous comparisons could be made. The slides were coverslipped and incubated overnight at 37°C. The hybridization was followed by several washes in SSC buffer (2 x SSC, three times; 0.1 x SSC, three times at 37'C, 30 min each). Standards of tissue-bound radioactivity were prepared by incorporating increasing concentrations of the pituitary were measured and converted into radioactivity values using the =P standards that were composed simultaneously. In contrast to the hypothalamic sections, in which the nonspecific labeling was so low as to be immeasurable, the nonspecific labeling Over the anterior lobe of the pituitary was much higher and clearly measurable. Both the signal over the posterior lobe and the noise over the anterior lobe increased as the probe concentration increased from 0.1 to 10 nM. Therefore, although the signal apparently reached saturation at 0.5-1 nM, the real saturation value could not be accurately measured. However, the signal-to-noise ratio was optimal and similar between 0.1 and 5 nM.
[33P]-dATF' into brain homogenates as described elsewhere (21). Finally, the slides were air-dried and exposed together with the standatds of known concentrations of radioactivity on X-ray film (p-max; Amersham, Poole, UK) for a few hours (supraoptic nuclei) to a few weeks (posterior pituitary). X-ray films were developed with Kodak Microdol X developer. X-ray films were analyzed with a microcomputer interfaced with an image analyzer. Eight to 12 sections distributed on two slides were measured for each probe set. Standard curves for the known samples were used to convert the optical density values of the experimental sections into radioactivity values, expressed as cpmlmg of tissue. Finally, the results are expressed as mean SD. Statistical analysis was performed with the ANOVA test.
In Situ Hybridization with Non-radioactive Oligon ucleo tides
Animals were anesthetized with pentobarbital (50 mglkg) and perfused through the ascending aorta with 50 ml saline, followed by 300 ml ice-cold fixative solution (75 mllmin). The fixative solution was either 4% paraformaldehyde (PFA) diluted in 0.1 M phosphate buffer (PB), pH 7.4, for tissues processed for light microscopy (cryostat sections) or 4% PFA plus 0.1% glutaraldehyde (GA) diluted in PB for tissues processed for electron microscopy (vibratome sections). The brains were quickly removed, post-fixed in 4% PFA for 1 hr, and then immersed overnight at 4'C in sterile PBS, pH 7.4, containing 15% sucrose. For the light microscopic experiments, the brains fixed with 4% PFA were frozen in vapors of liquid nitrogen. Coronal sections of 12 pm were cut in a cryostat (Reichertgung; Vienna, Austria) and collected in sterile culture dishes containing PBS. The float- ing sections were then rinsed gently in several exchanges of PBS before being pre-hybridized. For electron microscopic localizations, 5O-pm vibratome sections were obtained from the brains fixed with 4% PFA and 0.1% GA. They were then immersed for at least 2 hr at 4'C in Eppendorf tubes containing a cryoprotective buffer (10% glycerol, 25% sucrose in PBS) and subsequently frozen in liquid nitrogen. The tubes were removed from the liquid nitrogen and brought to RT. The vibratome sections were finally rinsed in PBS (three times, 10 min each) before pre-hybridization.
Cryostat or vibratome sections were pre-hybridized in 4 x SSC and 1 x Denhardt solution (0.02% polyvinylpyrrolydone, 0.02% bovine serum albumin, 0.02% Ficoll) for 1 hr at 37'C. Thereafter, the sections were immersed overnight at 37'C in the hybridization buffer (50% formamide, 600 mM NaCI, 80 mM Tris-HC1, pH 7.5, 4 mM E m , 0.1% sodium pyrophosphate. 0.1% SDS) containing biotin-labeled or digoxigenin-labeled probes. Various concentrations of the probes (0.1-10 nM) were tested. After the hybridization step, the sections were washed three times in 2 x SSC (30 min each) and in three baths of 0.1 x SSC (30 min each) at 37'C, and then immersed in PBS. The same procedure was used for both cryostat and vibratome sections, with the following exception: SDS was omitted from the hybridization buffer of vibratome sections to retain optimal morphological integrity. Subsequently, probes were detected by one of three procedures: histochemical reactions for alkaline phosphatase or peroxidase, or immunodetection with fluorescent dye-coupled antibodies.
Light Microscopic Detection of Digoxigenin-labeled Oligonucleotides on Cryostat Sections with Alkaline Phosphatase as the Reporter. After the post-hybridization washes, the sections were immersed first for 5 min in Buffer I(O.1 M Tris, pH 7.5, 1 M NaCI, 2 mM MgClz) containing 1% BSA (Boehringer) and then in Buffer I containing the alkaline phosphatase-labeled anti-digoxigenen Fab fragment (Boehringer) 1:5000, overnight at 4'C. The sections were then washed in Buffer I (three times for 10 min) and in Buffer I1 (0.1 M Tris, pH 9.5, 0.1 M NaCI. 5 mM MgCIz) ( 5 min). Tissue-bound alkaline phosphatase activity was visualized by incubating the sections with NBT and BCIP (Gibco; Gaithersburg, MD) in Buffer 11. The enzymatic reaction was stopped by rinsing the sections in PBS. Finally, the sections were mounted in PBS-glycerol (1:l. vlv) on gelatin-coated slides.
Light Microscopic Detection of Digoxigenin-and Biotin-labeled Oligonucleotides with Fluorescent Dyes as the Reporters. In some experiments, simultaneous detection of cwo mRNAs was performed on the same cryostat sections using two sets of oligoprobes labeled with digoxigenin and biotin, respectively. All steps from tissue preparation to post-hybridization washes were performed as described above without any other modification. The post-hybridization washes were followed by immersing the sections in 1% BSA in PBS (PBS-BSA) for 1 hr at 4'C. A sheep anti-digoxigenin antibody (1:lOOO; Boehringer) and a rabbit anti-biotin antibody (1:lOOO; Enzo Biochemicals. New York, NY) diluted in PBS-BSA were then incubated together with the floating sections overnight at 4'C. After three rinses in PBS (10 min each), the sections were subsequently immersed in the PBS-BSA buffer containing a Cy3-conjugate donkey anti-sheep antibody (1:400; Jackson ImmunoResearch, Hialeah, FL) and a FITC-conjugate donkey anti-rabbit antibody (1:200; Jackson) for 2 hr at RT. Finally, the sections were mounted on genatin-coated slides with an anti-fading solution (SlowFade; Molecular Probes, Eugene, OR) and observed with a Zeiss laser scanning confocal microscope.
Electron Microscopic Detection of Biotin-labeled Oligonucleotides with PeroxicIase-DAB as the reporter. After the hybridization washes, the vibratome sections were blocked in PBS-BSA (1 hr at RT) and then incubated in rabbit anti-biotin antibody (Enzo; 1:1000, overnight at 4'C). Thereafter, the sections were treated fmt with a biotinylated donkey anti-rabbit antibody (Amenham; 1:200 in PBS-BSA, 2 hr at RT), and then with a streptavidinbiotinylated peroxidase complex (Amersham; 1:400, 2 hr at RT). Sections were rinsed three times in PBS between each ofthese incubations. The peroxidase activity was revealed by incubating the sections in 50 mM Tris-HC1 buffer containing 0.025 % 3,3'-diamino-benzidine (DAB; Sigma, St Louis, MO) and 0.006% Hz02 (Sigma). The vibratome sections were finally postfixed with os04 (1% in 0.1 M PB. 30 min) and embedded in TAAB epoxy resin. Ultra-thin sections were obtained, contrasted with uranyl acetate and lead citrate, and observed with a Zeiss EM10 electron microscope.
Results
Quantitation of Hy bridization witb Single or Multiple Oligoprobes
A semiquantitative in situ hybridization assay using 33P-labeled oligonucleotides was used to determine the optimal concentration of single oligonucleotides and to compare the signal and background obtained with either single or multiple oligoprobes.
The saturation curve obtained for the oligoprobe VP1 on cryostat sections of rat hypothalamus showed that the radioactive signal obtained in the supraoptic nucleus reached a maximum between 1 and 2 nM (Figure 1 ). Increasing the concentration of this oligoprobe over 2 nM (the highest concentration examined being 10 nM) did not increase the signal further. The background was extremely low in the neighboring hypothalamic tissues, which were devoid of vasopressinergic neurons, and remained the same regardless of the concentration (0.1-10 nM) of the oligoprobe (not shown).
To determine whether multiple oligonucleotides would increase the signal over a saturating concentration of a single oligonucleotide, serial sections from the same hypothalamus were hybridized either with one of six single oligoprobes (VP1, VP2, VP3, VP4, VP5, or VP6) or with a mixture of all six oligonucleotides. Representa-tive autoradiographs from sections through the supraoptic nucleus are shawn in Figure 2 . Although there were some differences in levels of labeling, depending on the specific single oligoprobe used, the background levels were equally low. Moreover, the background remained low when sections were reacted with the six oligonucleotide-containing mixture (compare the background level around the SON in Figures 2g and 2a, 2b, 2c, 2d, 2e, or 2f) . Quantitative densitometric analysis of these combinations (Figure 3 ) indicated that the probe signals were additive. The value obtained with the multioligoprobe is close to the sum of the six signals obtained individually. Because the background observed on tissue sections hybridized with single or multi-oligoprobes was consistently quite low and very close to the film background density observed outside the sections, we could not accurately measure background. However, no qualitative difference could be observed among the background levels on sections hybridized with single or multiple oligoprobes (see Figure 2) .
Similar experiments were performed with the same series of 3% labeled oligoprobes on pituitary sections from animals salt-loaded for 3 days, a circumstance in which a very low concentration of axonal VP mRNA is present in the posterior lobe of the pituitary (29,40). In this tissue, the nonspecific signal or "background' was estimated by measuring the optical density signal over the anterior lobe of the pituitary, which is devoid of VP mRNA. A saturation experiment on these cells showed that, in contrast to the results obtained in the magnocellular hypothalamic nuclei, the background level progressively increased as probe concentrations were increased from 0.1 to 10 nM (Figure 4) . Therefore, the saturation concentration could not be precisely ascertained. However, this experiment showed that the highest signal-to-background ratio values were obtained with a range of concentration between 0.1 and 1 nM. In a separate experiment, we examined pituitary hybridizations in 3-day salt-loaded animals with one-or two-oligonucleotide mixtures. The two-oligonucleotide mixture gave significant enhancement of signal over background, although not precisely an additive increase over the specific label in the posterior pituitary obtained with a single oligoprobe ( Figure 5 ) . However, in this situation no significant difference was observed between the background measured over the anterior pituitary on sections hybridized with either single or dual oligoprobes. Therefore, we concluded that the use of the two-oligonucleotide-containing multi-oligoprobe leads to a better signal over background than simply doubling the concentration of a single oligoprobe.
Light Microscopic In Situ Hybridization in Hypothalamus
To determine whether multi-oligoprobes would allow non-radioactive detection of law-abundance exonic and intronic sequences of neuronal mRNAs at the light microscopic level, we performed in situ hybridizations to detect galanin and tyrosine hydroxylase "As, as well as vasopressin heterogeneous nuclear RNA ( W A ) in hypothalamic neurons. It should be stressed that none of these three target mRNA sequences could be visualized with single conventional non-radioactive oligoprobes.
The galanin-specific mixture of five multi-oligoprobes (Gal 1-5) labeled with digoxigenin detected neurons located mainly in the paraventricular, periventricular, fomical, and dorsomedial nuclei of the hypothalamus, as well as in the nucleus of the medial forebrain bundle. These results are consistent with previous immunohistochemical investimtions ( 3 0~6 ) . Figure 6 illustrates such galanin mRNA-containing neurons in the paraventricular nucleus (Figure 6a ) and in the dorsomedial nucleus (Figure 6b ). Within these labeled neurons, the alkaline phosphatase precipitate was found in the perikaryal cytoplasm and in proximal portions of their dendrites.
Using a mixture of five oligonucleotides (TH1, 2, 3, 5 , 6) labeled with digoxigenin, we also detected tyrosine hydroxylase mRNA in hypothalamic neurons of 7-day salt-loaded rats. TH mRNAcontaining neurons were detected in several hypothalamic nuclei, including the arcuate nucleus (Figures 6c and 6d) , the zona incerta, and the periventricular nucleus, as would be predicted from previous detailed immunocytochemical reports (5,15). Additional TH "A-positive neurons were found in the paraventricular and supraoptic nuclei (see magnocellular neurons of the retrochiasmatic area of the supraoptic nucleus in Figure 6d ), as previously reported (46).
We next sought to visualize vasopressin primary transcript sequences within intron 2 using a mixture of four oligonucleotides (iVP3-6) labeled with digoxigenin. The vasopressin intron-specific multi-oligoprobe labeled a subset of magnocellular neurons located mainly in the supraoptic and paraventricular nuclei (Figure 6e ). The pattern of labeling within those positive neurons dlffered from the results of our non-intronic VP oligoprobes. In this case, the VP primary transcript detected in the magnocellular neurons is truly located in nuclei. Here two or more intensely labeled punctate bodies (n = 2 in general) were frequently seen within the nucleus. An additional less intense diffuse labeling was also observed within these positive nuclei, but no significant labeling was observed in the cytoplasm.
Electron Microscopic In Situ Hy bri&zation in Hypothalamus
The uluastructural visualization of vasopressin mRNA in hypothalamus of control rats was performed using a mixture of six exon-specific (VP1-6) biotinylated oligonucleotides detected with peroxidase and DAB. With this multi-oligoprobe, VP mRNA was readily detected consistently not only in the hypothalamo-neurohypophyseal magnocellular neurons but also in a subset of parvocellular neurons in the suprachismatic nucleus (SCN). These VP mRNA-containing neurons were more abundant in the dorsomedial area of the SCN (Figure 7a) . Examination of the labeled vibratome sections showed that the hybridization signal was high and the background remained very low (Figures 7a and 7b) . By light microscopy in semi-thin plastic-embedded sections, the VP mRNA within individual parvocellular neurons was mainly located in the perikaryal cytoplasm (Figure 75 ), but some rare dendritic processes were also labeled. Some dots and track-or rod-like labeled structures could also be seen in or adjacent to the nuclei of some neurons (Figure 7b ; but see below).
At the electron microscopic level, the well-preserved morphology allowed more precise characterization of the subcellular compartmentalization of the mRNA within the perikarya. The VP sequence, detected with a multi-oligoprobe containing four oligonucleotides (iVP3-6). was observed in the nucleus of a subset of magnocellular neurons located mainly in the supraoptic (e) and paraventricular nuclei. Arrows show the nuclear envelope surrounding the nuclear matrix containing the dot-and rod-like reactivity. Note the low background and high signal-to-noise ratio obtained with all three multi-oligoprobes. The concentration of each of the oligonucle otides used in these three multi-oligoprobes was 2 nM. Bars: a-d = 50 pm; e = 10 pm. Figure  6a ). the VP mRNA appears to be mainly located within the perikaryal cytoplasm of individual neurons. Additional significant labeling seemed to be located within the nuclear compartment as dots and track-like structures (arrows). (c) At the ultrastructural level the peroxidase labeling is intense in restricted areas of the perikaryal cytoplasm, most of them enriched in lamellar or tubular cisternae probably belonging to the RER complex (arrows). A significant subset of labeling is associated with some segments of the nuclear envelope, in the cytoplasmic area only. This nuclear envelope-associated labeling is particularly prominent in some invaginations that are numerous in those neurons (open arrowheads). Therefore, this electron microscopic investigation demonstrates that the apparent nuclear label that was observed at the light microscopic level was instead located in the cytoplasmic compartment at the level of nuclear envelope invaginations. Bars: a = 50 pm; b = 10 pm; c = 1 pm.
mRNA was abundant in some parts of the cytoplasmic perikarya, which were often enriched in tubular cistemae, probably corresponding to the rough endoplasmic reticulum (RER). Consistent label was also found along large segments of the external membrane of the nuclear envelope, especially at the level of nuclear envelope invaginations. Therefore, the nuclear track-like structures described above appeared, in fact, to be within cytoplasmic invaginations of the nuclear envelope (Figure 7c) . Therefore, as shown by this ultrastructural examination, most of the label that appeared to be nuclear at the light microscopic level was in fact located in the cytoplasmic compartment. No label was ever found in the Golgi apparatus or in mitochondria.
Simultaneous Fluorescent Visdization of Two mRNA Sequences witb Confocal Microscopy
Two mixtures of multi-oligoprobes designed to detect VP mRNA (six oligonucleotides, VP1-6) and dynorphin mRNA (eight oligonucleotides, Dynl-8) were combined to detect these two mRNAs simultaneously. The VP multi-oligoprobes were labeled with biotin and detected with FITC. The dynorphin multi-oligoprobes were labeled with digoxigenin and detected with Cy3. These doublelabeled sections were analyzed by confocal microscopy. Dynorphin mRNA was detected in a subset of vasopressin "A-containing neurons in the hypothalamic magnocellular nuclei (Figure 8) . Not only did the dual probe .mixture reveal the contrasting patterns of distribution of these dynorphin and VP neurons within the supraoptic nucleus, it also revealed their subcellular localizations within individual neurons. Both mRNAs appeared to have a similar pattern of cellular localization. the most abundant labeling for 
-1
both mRNAs being located in the peripheral cytoplasm of the magnocellular neurons.
Discussion
Single oligonucleotides have been widely used during the past decade for in situ hybridization, and previous studies have optimized the use of these probes for various applications (12.21.38.43). We attempted in this study to devise a rational combination of nonoverlapping hapten-labeled oligoprobes to increase the sensitivity of non-radioactive in situ hybridization with oligoprobes. Higher sensitivity in situ hybridization using oligonucleotide probes could provide tools of choice for several important applications, such as more precise subcellular localization of mRNA sequences (42). Our assumption was that under systematically optimized experimental conditions the specific signal would be significantly increased and the nonspecific binding of these multiple oligoprobes would remain at an acceptably low level. This assumption was based on the theory of hybridization and on previous studies in which cocktails of non-overlapping radioactive or biotinylated oligoprobes were used for detection of low or moderately abundant "As, which could not be optimally detected using a single oligonucleotide probe (2.23,42). Furthermore, although it seemed quite logical from these empirical studies that cocktails of two to four oligoprobes could increase the sensitivity of in situ hybridization, it was, in fact, reported in one study that the increase of the signal was not additive (2), and it was therefore unclear how much more signal could be obtained with more than four probes without increasing the background.
We emphasize that great attention should be paid to the selec-tion of the oligonucleotide sequences, to ensure the specificity of the hybridization. This can be achieved by selecting sequences that are specific for the target mRNA and absent from related transcripts, and by further checking these sequences against databases. However, further experiments performed on the tissue sections are needed to avoid nonspecific hybridization with unknown "As.
As a first step, we used 33P-labeled probes to quantify both the signal and background on tissue samples expected to have either abundant or scant content of VP mRNA (28,29,40). These observations established that for single oligonucleotides, optimal results were tissue-and probe-specific (2 nM for hypothalamic neurons with abundant mRNA, 0.5-1.0 nM for posterior pituitary with low content of VP "A).
When used in concentrations that are saturating or give the best signal-to-noise ratio for single probes, multiple non-overlapping probes provided a clear-cut and nearadditive signal with no increase in background. Furthermore, the additive effect observed in this experiment indicates that, at least in this model system, all six VP oligonucleotides contribute to the gain of signal, suggesting that highly sensitive multi-oligoprobes containing at least up to six oligonucleotides can in theory be designed. Interestingly, this quantitative analysis showed that different oligonucleotides recognizing different target sequences along the VP mRNA gave different lwels of signal. This observation, previously reported by Taneja and Singer for the actin mRNA (38), confirms that differences probably occur between different sequences of a given mRNA in terms of accessibility, possibly due to secondary structures of the RNA or to RNA-protein interactions.
In pituitary specimens, an additional complexity was recognized by the nonspecific binding of the 33P-labeled oligonucleotide to anterior pituitary, which increased almost linearly with no evidence of saturation from 0.1 to 10 nM regardless of the oligoprobe used (we checked several probes, some of them specific for VP "As and others with unrelated sequences). Because no VP mRNA has ever been found in this tissue, even with highly sensitive techniques such as RT-PCR (28), this was probably an artifactual product of excessive probe concentration. Altematively, this high background in the anterior lobe might also be due to the presence of unknown sequences in this tissue that might cross-hybridize with the probes. In any case, no such complicating background hybridization was ever observed within brain sections. Despite this problem in the pituitary, we found that a two-oligonucleotide probe mixture could significantly enhance the signal over background in the posterior pituitary, although not quite additively.
Interestingly, in the same pituitary tissue and with the same oligoprobes, no such dramatic increase in background has been noted, either by increasing the concentration of a single oligonucleotide or by increasing the number of oligonucleotides within a multi-oligoprobe using hapten-labeled probes. For example, in a previous work (42) we were able to detect the vasopressin mRNA in the posterior lobe with an excellent signal-to-noise ratio (the background in the anterior, intermediate, and posterior lobes being extremely low) using a hapten-labeled multi-oligoprobe containing four oligonucleotides, even though each of these oligonucleotides was used at quite a high concentration (10 nM). However, in subsequent experiments done in the same model, we noted that this high concentration of oligonucleotides was unnecessary and that similar results could be obtained with lower concentrations, such as 1 or 2 nM (unpublished observations).
Therefore, it appears, at least in this pituitary tissue model, that gain in sensitivity and enhancement of signal over background might be much more important with non-radioactive multi-oligoprobes compared to radioactive multi-oligoprobes. This might be due to the fundamental difference between autoradiographic and immunocytochemical detection systems. Indeed, whereas autoradiography is a direct method that does not allow for any gain in signal-tonoise ratio, the use of indirect detection systems (involving primary and/or secondary antibodies, as well as enzymatic or fluorescent reporters for detecting non-radioactive probes) might in some cases tend to increase the signal-to-noise ratio substantially. Altematively, the differences between the labeled tails of radioactive and haptenlabeled oligonucleotides in terms of length and chemical identity (dATP only for radioactive oligonucleotides instead of a mixture of dUTP and dATP for hapten-labeled oligonucleotides) might also contribute to the observed differences in the level of nonspecific binding of non-radioactive and hapten-labeled multi-oligoprobes. Finally, these results might also be due to differential kinetics of hybridization between hybridization procedures on slides compared to floating sections. In any case, at least in the pituitary and brain models studied here, multi-oligoprobes significantly increase the sensitivity of in situ hybridization in circumstances in which the mRNA is moderately abundant (e.g., hypothalamus) and also in circumstances in which the mRNA is present at low concentration (e.g., pituitary).
Our observations with mixtures of multiple oligonucleotide probes also demonstrate that this strategy can enhance various applications of in situ hybridization with any of the more widely used non-radioactive markers such as dioxigenin and biotin, and is adaptable to various detection systems involving enzymatic (alkaline phosphatase, peroxidase) or fluorescent (FITC, Cy3) reporters. Although we did not quantlfy the signal obtained with the different detection systems used here, in our judgment the most sensitive system was the digoxigenin-alkaline phosphatase system, followed closely by the biotin-peroxidase system. Overall, in our hands the fluorescent detection systems were clearly less sensitive than the enzymatic systems.
Because one important application of multi-oligoprobes is likely to be in the field of cell biology, we focused on examples in which multi-oligoprobes were used for subcellular or ultrastructural localization of mRNA. Here, despite their lower sensitivity compared to enzymatic systems, fluorescent markers were still sufficiently sensitive to compare the subcellular localization of distinct mRNA sequences within single cells by confocal microscopy.
Galanin, a 29-amino-acid neuropeptide recently documented in the brain (30), is produced by many hypothalamic neurons (36). Although this mRNA has already been detected with radioactive probes (31). no successful attempts to visualize it with nonradioactive markers have been reported. Using a mixture of five oligonucleotides labeled with digoxigenin, we were able to visualize hypothalamic galanin mRNA-containing neurons with a high signal-to-noise ratio. The distribution pattern of the neurons labeled by the galanin multi-oligoprobe precisely corresponds to that already described from immunocytochemical studies performed in the rat hypothalamus (1) . Interestingly, the optimal immunocytochemical detection of galanin with most of the currently available antibodies requires prior colchicine treatment (1, 27) . Howwer, with in situ hybridization and our multi-oligoprobe, these hypothalamic galanin neurons can be readily visualized without additional treatment of the animals.
Tyrosine hydroxylase, the rate-limiting enzyme for catecholamine synthesis, is expressed by dopaminergic neurons of hypothalamic nuclei, including the periventricular nucleus, the zona incerta, and the arcuate nucleus (5,15) . Tyrosine hydroxylase mRNA has been detected in previous studies in these neurons with radioactively labeled probes but not with non-radioactive markers. With our multi-oligoprobe containing five oligonucleotides labeled with digoxigenin, this mRNA could also be easily visualized in these hypothalamic nuclei. Previous studies have also shown that tyrosine hydroxylase and the corresponding mRNA were expressed in vasopressinergic magnocellular neurons of the hypothalamo-neurohypophyseal system of salt-loaded animals (19,26,46) . In the present study, we were likewise able to visualize tyrosine hydroxylase mRNA in these magnocellular neurons with a non-radioactive marker, a result not previously reported.
Messenger RNAs are synthesized in the cell nucleus as heterogeneous nuclear RNA (hnRNA), which contains both exon and intron sequences. This hnRNA undergoes processing soon after synthesis, in which introns are removed by splicing and the mature mRNA is then transported into the cytoplasm (24). The turnover of hnRNA is believed to be rapid, and the half-life ofintron sequences is short, thus making these RNA sequences difficult to visualize in situ (3), especially with non-radioactive strategies. Visualization of vasopressin hnRNA has been previously performed with radioactively labeled probes specific for intronic sequences of the VP gene (14). However, single non-radioactively labeled oligonucleotides have not been sensitive enough thus far to detect such an intron sequence. In the present work, we demonstrated that a mixture of four oligonucleotides labeled with digoxigenin allowed detection of the VP intron 2 hnRNA sequence, with a satisfactory signal-to-noise ratio, in hypothalamic magnocellular neurons. The pattern of localization of this hnRNA within the nucleus of the labeled cells is similar to that recently described for other hnRNAs in cultured cells (8,45,48) . In fact, intron 2 appears to be aggregated in a few nuclear bodies, which might correspond to transcription and/or processing sites. Interestingly, our intranuclear localization patterns show an additional more diffuse intron labeling, which might correspond either to hnRNA leaving transcription sites or to spliced introns diffusing from the processing sites, as documented by Dirks and co-workers (8) . Therefore, multi-oligoprobes, which can be designed for any given intron sequences, may be suitable tools to follow RNA processing (i.e., transcription, processing and export of RNAs) within the cell nucleus.
Perhaps the most promising application of multi-oligoprobes is their efficiency for visualization of mRNAs at the electron microscopic level, using pre-embedding strategies. Indeed, oligonucleotides can be hybridized efficiently on vibratome slices with very little pre-and post-hybridization treatment (39,41,42). We illustrate this feature with the example of a mixture of six oligonucleotide probes labeled with biotin, with which we visualized the ultrastructural compartmentalization of VP mRNA within the parvocellular vasopressinergic neurons of the suprachiasmatic nucleus. The subcellular compartmentalization of the VP mRNA within the suprachiasmatic parvocellular neurons was similar to that previously described in magnocellular neurons (42). However, in contrast to magnocellular neurons, no extensive Nissl bodies were observed in suprachiasmatic parvocellular neurons. Moreover, the nuclear envelope-associated labeling appeared to be much more common in suprachiasmatic neurons. The specificity of the labeling in the suprachiasmatic nucleus was indicated by the preferential localization of the VP mRNA-containing neurons in the dorsomedial part of the nucleus, as expected from previous studies (4). In these cells, the VP mRNA is of quite low abundance [at least eightfold less in these neurons than in the magnocellular neurons of the hypothalamo-neurohypophyseal system (13)) Despite this relatively low abundance of VP mRNA, satisfactory peroxidase labeling was obtained at the electron microscopic level with the multi-oligoprobe.
Interestingly, the morphology is well-preserved, due to the preembedding strategy and to the use of oligonucleotides as probes. Indeed, it appears from previous studies that oligonucleotide probes do not require any permeabilization step, such as freeze-thawing, for their penetration through the tissue (41,42). Furthermore, the pre-embedding strategy allows better retention of morphology than the two other main strategies available (22). i.e., the post-embedding techniques (performed presently almost exclusively on Lowicrylembedding sections that do not permit any osmium fixation), and ultra-thin cryosections (for which loss of structural integrity usually occurs during the hybridization steps). The preserved morphology obtained with our pre-embedding strategy can also be attributed to the consequences of oligonucleotide probe use: they do not require any of the destructive pre-or post-hybridization enzymatic (e.g., proteinase K or RNAse) or high-temperature treatments that are necessary when riboprobes are used (735). Therefore, we consider that for such specific applications (e.g., pre-embedding in situ hybridization), multi-oligoprobes offer a high degree of sensitivity and well-preserved morphology, making them more advantageous than riboprobes for this purpose.
The last application documented here for which we believe that multi-oligoprobes might be useful in the future is the comparative subcellular localization of two mRNAs by using fluorescent markers and confocal microscopy. As an example, we have detected simultaneously vasopressin mRNA and dynorphin mRNA within individual hypothalamic magnocellular neurons with a cocktail of 14 oligonucleotide probes, six VP oligonucleotides labeled with biotin and eight dynorphin oligonucleotides labeled with digoxigenin. From earlier immunocytochemical and hybridohistochemical studies, dynorphin peptide and mRNA are known to be expressed in a subset of magnocellular vasopressin neurons (25,44). This expression is enhanced during salt-loading (25). The dynorphin mRNA concentration in magnocellular neurons is quite low, and this mRNA has not been detected with non-radioactive single oligoprobes. However, using a mixture of multi-oligoproba labeled with digoxigenin, dynorphin mRNA could be readily detected with alkaline phosphatase (not shown) or Cy3 as the reporter (Figure   8 ). For the double detection, it was preferable to use the most sensitive fluorophor (digoxigenin-Cy3) for the least abundant signal, and vice versa.
As expected on the basis of published studies, the dynorphin mRNA was found in a subset of magnocellular neurons containing the VP mRNA. Because the procedure used for hybridization with multi-oligoprobes does not dramatically impair the cell morphology, the subcellular localization of both mRNAs can be ascertained and compared with a confocal microscope. From the present work, VP mRNA and dynorphin mRNA, both encoding secreted neuropeptides, appeared to have similar cellular localizations, mainly within the peripheral cytoplasm which contains prominent RER in these neurons (42). Because dynorphin and W "As are found in the same cellular territories and VP mRNA is clearly associated with the RFiR cisternae, dynorphin mRNA is probably associated with the RER as well. However, the possibility of a dlfferential localization of these two mRNAs to distinct restricted domains of the RER membranes, as hypothesized by van Leeuwen and colleagues @), cannot yet be excluded. Additional ultrastructural investigations are needed to clarify this issue.
In conclusion, our study demonstrates that mutli-oligoprobes provide substantially increased sensitivity for in situ hybridization compared with single oligoprobes, regardless of the marker or the reporter used, and that this approach is compatible with confocal and electron microscopy. Whether the sensitivity of multioligoprobes can approach that of riboprobes, generally considered to be the most sensitive probes, remains to be answered. However, according to studies done by Kessler and co-workers (16,33), who improved labeling protocols with digoxigenin as the hapten, the optimal tailing of one oligoprobe leads to a mean incorporation of five digoxigenin residues per oligonucleotide molecule (33), whereas the optimal labeling of a riboprobe leads to the mean incorporation of one digoxigenin residue every 25 residues (16). Thus, a six-oligonucleotide-containing multi-oligoprobe might contain roughly as much digoxigenin marker as a 750-nucleotide-length riboprobe. However, even if a multi-oligoprobe and a riboprobe both contained the same number of hapten residues, theoretical comparison of sensitivity would remain difficult because the protocols used for their hybridization are very dlfferent and could result in differential mRNA accessibility.
In fact, an important advantage of multi-oligoprobes over riboprobes is that they can be used without any of the pre-or posthybridization treatments that are needed for optimal use of riboprobes, and which can result in morphological damage. For these reasons, we suggest that non-radioactively labeled multioligoprobe mixtures should be useful alternative probes for in situ hybridization, particularly when high resolution of the label and well-preserved morphology are needed for both light and electron microscopic investigations.
